Step-and-repeat UV nanoimprinting for large-scale nanostructure fabrication under atmospheric pressure was realized using highviscosity photocurable resin and a simple nanoimprinting system. In step-and-repeat UV nanoimprinting under atmospheric pressure using low-viscosity resin, large-scale nanostructure fabrication is very difficult, due to bubble defects and nonuniformity of the residual layer. To minimize bubble defects and nonuniformity of the residual layer, we focused on the damping effects of photocurable resin viscosity. Fabrication of 165 dies was successfully demonstrated in a 130 × 130 mm 2 area on an 8 in silicon substrate by step-and-repeat UV nanoimprinting under atmospheric pressure using high-viscosity photocurable resin. Nanostructures with widths and spacing patterns from 80 nm to 3 μm and 200 nm depth were formed using a quartz mold. Bubble defects were not observed, and residual layer uniformity was within 30 nm ±10%. This study reports on simple step-and-repeat UV nanoimprinting under atmospheric pressure using high-viscosity photocurable resin, as a very widely available method for large-scale mass production of nanostructures.
Introduction
The nanoimprinting process is well known as a highthroughput, low-cost, and developing nanostructure technology affecting not only integrated semiconductor circuits but also the commercialization of many innovative devices [1, 2] . Therefore, the nanoimprinting process is required for mass production of next-generation high-throughput, lowcost, and energy-saving nanodevices, such as next-generation light emitting diodes (LEDs) [3] [4] [5] [6] [7] , antireflection structures for solar cells [8] [9] [10] , wire-grid polarizers for optoelectronic devices [11] [12] [13] , and organic semiconductor devices [14] . In conventional low-pressure UV nanoimprinting, a mold with nanostructures is pressed onto a low-viscosity photocurable resin to form high-resolution nanostructures [15] [16] [17] [18] [19] . After resin curing and mold separation, the nanostructure is formed on the cured resin. Actually, in the case of lowviscosity UV nanoimprinting, bubble defects and nonuniform residual layers are very important problems. Bubble defect is a well-known problem in UV nanoimprinting under atmospheric pressure using low-viscosity photocurable resin.
To address this issue, UV nanoimprinting with the assistance of gas condensation and UV nanoimprinting under vacuum have been reported [20] [21] [22] [23] .
The nonuniform residual layer problem is very important to the reactive ion etching process. As a solution to the problem of nonuniformity in the residual layer, UV nanoimprinting using a complementary pattern mold has been reported [24] . Figure 1 shows a nonuniform residual layer in conventional low-pressure UV nanoimprinting with low-viscosity photocurable resin. Figure 1(a) shows a photographic image of 10 × 10 mm 2 area. Nonuniformity of the residual layer can be seen as fringes. After a reactive ion etching process, the pattern was not fabricated in the fringe area due to residual layer becoming nonuniform as shown in Figure 1 (b). Figures 1(c) and 1(d) show cross-sectional scanning electron microscope (SEM) images of the same nanoimprinting area. These images show that the residual layer was not uniform but varied in thickness from 10 to 50 nm.
However, the UV nanoimprinting process and system have become more complex and costly using these methods and it is very difficult to apply it to large-scale nanostructure fabrication.
This study reports on a simple step-and-repeat UV nanoimprinting process using high-viscosity photocurable resin as a widely available method for next-generation mass production of large-scale nanostructures. Figure 2 shows the original UV nanoimprinting system used in this study. It is a very simple nanoimprinting system that consists of a press platen in a double-column frame and an x-y-θ table without special equipment such as vacuum chamber. The mold is fixed under the press platen, and the substrate is fixed on the x-y-θ table [25] . The x-y-θ table used in the imprint system enables production of large-scale nanostructures by step-and-repeat operation. Figure 3 shows the distribution of platen position where the mold contacts the substrate. For flatness measurement, a 13 × 13 shots were demonstrated using a 10 × 10 mm 2 quartz mold by a stepand-repeat operation using the nanoimprinting system. The flatness between the mold and the substrate was optimized within 5 μm in a 130 × 130 mm 2 area. Figure 4: Bubble defects: (a) in the case of low-viscosity resin, bubble defects were observed, and (b) in case of high-viscosity resin, bubble defects were not observed.
Experimental Setup

Examinations and Results
To minimize bubble defects and nonuniformity in the residual layer, we focused on the viscosity of the photocurable resin. Evaluation of bubble defects was demonstrated using a quartz mold (NIM-80L RESO, NTT-Advanced Technology Co., Ltd.), silicon substrate, and photocurable resins with two different viscosities. The quartz mold size was 10 × 10 mm 2 . Nanostructures with widths and spacing patterns from 80 nm to 3 μm and 200 nm depth were fabricated on silicon substrates by UV nanoimprinting under atmospheric pressure. Nanoimprinting conditions were 2 MPa of imprinting pressure and 1 μm/s of platen feed velocity, 360 mJ/cm 2 of exposure dose. The viscosity of the photocurable resin was 10 mPa·s before baking. The resin was spin-coated to a thickness of 200 nm on a substrate. The photocurable resin thickness was changed by the baking from a 150 nm low-viscosity resin to a 120 nm high-viscosity resin. The viscosity of the photocurable resin was changed by the baking process, from a 1,200-mPa·s low-viscosity resin to a 12,000-mPa·s high-viscosity resin. Figure 4 shows a photographic image by optical microscopy. In the case of the low-viscosity resin, bubble defects were observed as shown in Figure 4 (a). However, in the case the of highviscosity resin, bubble defects were not observed as shown in Figure 4 (b). As indicated by Figure 4 , bubble defects depended on the viscosity of the photocurable resin. To minimize nonuniformity in the residual layer, the relationship between residual layer uniformity and the viscosity of the photocurable resin was examined by UV nanoimprinting under atmospheric pressure. Nonuniformity of the residual layer was observed as a fringe which was represented by a 256-level gray-scale histogram. Figure 5 shows four gray-scale histograms from processed photo images of a 10 × 10 mm 2 area comprising 108,900 pixels. Imprinting conditions were 2 MPa of imprinting pressure, 1 μm/s of platen feed velocity, and 200 nm of spin-coated photocurable resin thickness. Figure 5 (a) shows a reference gray-scale histogram for the case without nanoimprinting, and a fringe was not observed, all 108,900 pixels were within 20 grayscale levels, and the nonuniformity of the residual layer was 0%. In the case with low-viscosity, 1,200 mPa·s of viscosity, a fringe was observed, the distribution of gray-scale levels was 103 levels, only 31,721 pixels were within 20 grayscale levels, and the nonuniformity of the residual layer was 71%, as shown in Figure 5 (b). Figure 5 (c) shows gray-scale histogram, in the case with middle-viscosity, 5000 mPa·s of viscosity, a fringe was observed, the distribution of gray-scale levels was 90 levels, 55,521 pixels were within 20 gray-scale levels, and the nonuniformity of the residual layer was 49%. Conversely, in case of high-viscosity resin, 12,000 mPa·s of viscosity, little fringe was observed, the distribution of grayscale levels was 37 levels, 103,352 pixels were within 20 grayscale levels, and the nonuniformity of the residual layer was 5%, as shown in Figure 5 (d). As indicated by Figure 5 , a uniform residual layer depends on the viscosity of the photocurable resin. Figure 6 shows the relationship between nonuniformity of the residual layer and imprinting pressure. The conditions of the nanoimprint were as follows: from 0.5 to 8 MPa of imprinting pressure, 1 μm/s of platen feed velocity, 360 mJ/cm 2 of exposure dose. In the cases of lowviscosity and middle-viscosity, nonuniformity of the residual layer did not depend on imprinting pressure. However, in the case of high-viscosity resin, nonuniformity of the residual layer decreased with higher imprinting pressure, and nonuniformity of the residual layer was less than 10% with an imprinting pressure ≥2 MPa. As shown in Figure 6 , nonuniformity of the residual layer depended on the viscosity of the photocurable resin. We fabricated 165 dies in a 130 × 130 mm 2 area of an 8 in silicon substrate using only a quartz mold and step-and-repeat UV nanoimprinting under atmospheric pressure. The quartz mold was 10 × 10 mm 2 . Nanostructures with sizes from 80 nm to 3 μm width and spacing pattern and 200 nm in depth were fabricated on the silicon substrate. The nanoimprinting conditions are described in Table 1 . Figures  7(a) and 7(b) show a photograph of 165 dies fabricated in one area. Figure 7 (c) shows a part of the photograph of the 165 dies fabricated using high-viscosity resin with a viscosity of 12,000 mPa·s, and fringe was not observed. Figure 7 (d) shows a part of the photograph of 165 dies fabricated using low-viscosity photocurable resin with a viscosity of 1,200 mPa·s, and fringe was observed. Figure 8 shows a comparison of residual layer thicknesses between high-and low-viscosity resins. In the case of high-viscosity resin, the residual layer thickness was within 30 nm ±10%. However, in the case of low-viscosity resin, the residual layer thickness was greater than 50 nm. As shown in Figures 7  and 8 , fabrication of 165 dies was successfully demonstrated by UV nanoimprinting under atmospheric pressure using high-viscosity photocurable resin. Bubble defects were not observed, and the residual layer was uniform.
Discussion
As shown in Figures 4, 7 , and 8, bubble defects and residual layer uniformity depended on the viscosity of the photocurable resin in UV nanoimprinting under atmospheric pressure. Therefore, characteristics of photocurable resin were examined. Figure 9 shows a comparison of four nanoimprinting load profiles using a quartz mold and a silicon substrate. The conditions of the nanoimprint were as follows: from 1,200 to 12,000 mPa·s of viscosity, a spincoated resin thickness of 2 μm and a platen feed velocity of 200 nm/s. In the case of without resin, the response of load profile was the most linear among the four-load profiles. In the case with high-viscosity, 12,000 mPa·s of viscosity and delay time was the most increase. As shown in Figure 9 , delay time increased with higher-viscosity photocurable resin, because the damping force increased with higher viscosity. Figure 10 shows the relationship between delay time and nonuniformity of the residual layer. As shown in Figure 10 , nonuniformity of the residual layer decreased with longer delay time. As shown in Figures 9 and 10 , the uniformity of residual layer thickness depended on the damping characteristics of the photocurable resin. In stepand-repeat UV nanoimprinting under atmospheric pressure, Comparison of nanoimprinting load profiles: the solid line is the reference, the square line is the load profile using low-viscosity resin, the circle line is the load profile using middle-viscosity resin, and the triangle line is the load profile using high-viscosity resin.
Journal of Nanotechnology Figure 11 : Cross-sectional SEM image: (a) 80 nm lines and 160 nm spaces was formed on a silicon substrate by UV nanoimprinting under atmospheric pressure, (b) 100 nm lines and 100 spaces was formed on a silicon substrate by UV nanoimprinting under atmospheric pressure, (c) 80 nm lines and 160 nm spaces was fabricated by a deep RIE system after UV nanoimprinting, (d) 100 nm lines and 100 nm spaces was fabricated by a deep RIE system after UV nanoimprinting.
bubble defects and nonuniformity of the residual layer improved by using high-viscosity resin. Figure 11 shows nanostructures fabricated on a silicon substrate. The conditions for fabrication are shown in Table 2 . Figure 11(a) shows an SEM image of nanostructures formed by UV nanoimprinting under atmospheric pressure. Nanostructures with 80 nm lines and 160 nm spaces and 200 nm depths were observed. Residual layer uniformity was 30 nm. Figure 11(b) shows a cross-sectional SEM image of nanostructures. Nanostructures with 100 nm lines and 100 Figure 11 (c) shows a cross-sectional SEM image of nanostructures fabricated by a reactive ion etching (RIE) system (MUC-21, Sumitomo precision products Co., Ltd.). Nanostructures with 80 nm lines and 160 nm spaces and 500 nm depths were observed. Figure 11 (d) shows a cross-sectional SEM image of nanostructures. Nanostructures with 100 nm lines and 100 nm spaces and 500 nm depths were observed. As shown in Figure 11 , uniformity of the residual layer was a key issue for nanostructure fabrication using reactive ion etching.
Conclusion
Practical wide-area nanostructure fabrication was demonstrated by reproducing UV nanoimprinting conditions under atmospheric pressure. By examining and optimizing the viscosity of photocurable resin, bubble defects were not observed, and the residual layer uniformity which depended on the damping characteristics of the photocurable resin was improved by optimizing the viscosity of the photocurable resin. This fabrication process and system are applicable as a widely available method for next-generation mass production of large size nanostructures.
